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Figure 1: Depth of interaction measurement method. The
scintillator crystal is coupled to a photomultiplier (PMT) and
a photodiode (PD) and the other faces coated with a “lossy”
reflector. Interactions near the PMT, as in a), result in a large
PMT signal and a small PD signal. Interactions near the PD,
as in b), result in a small PMT signal and a large PD signal.

We present design studies of a multi-layer PET detec-
tor module that uses an 8x8 array of 3 mm square PIN
photodiodes to both identify the crystal of interaction
and measure the depth of interaction. Each photodiode
is coupled to one end of a 3x3x30 mm BGO crystal, with
the opposite ends of 64 such crystals attached to a single
1” square photomultiplier tube that provides a timing
signal and energy discrimination. Each BGO crystal is
coated with a lossy reflector, so the ratio of light detected
in the photodiode and photomultiplier tube depends on
the interaction depth in the crystal, and is used to deter-
mine this depth of interaction on an event by event basis.

sure the depth of interaction [1–9], but all have proved
impractical to implement or provided insufficient depth
of interaction measurement resolution, and so none have
been incorporated into a full PET camera.

A test module with one 3x3x30 mm BGO crystal, one
3 mm square PIN photodiode, and one photomultiplier
tube is operated at –20˚ C with an amplifier peaking time
of 4 µs, and a depth of interaction resolution of 5 to 8 mm
fwhm measured. Simulations predict that this virtually
eliminates radial elongation in a 60 cm diameter BGO
tomograph. The photodiode signal corresponding to
511 keV energy deposit varies linearly with excitation
position, ranging from 1250 electrons (e–) at the end
closest to the photodiode to 520 e– at the opposite end.
The electronic noise is a position independent 330 e–

fwhm, so the signal to noise ratio is sufficient to reliably
identify the crystal of interaction in a 64 element module.

In this paper we propose a PET detector module that
measures the depth of interaction. A simple, single ele-
ment detector module is constructed and characterized
for both its depth of interaction measurement resolution
and the signal to noise ratio observed when 511 keV pho-
tons interact in the module. Monte Carlo simulations are
used to extrapolate the test module results to the perfor-
mance of a PET camera based on the proposed module.

2. BACKGROUND

The method for determining the depth of interaction
is shown schematically in Figure 1. The module is com-
posed of 3x3x30 mm BGO crystals that are coupled on
one 3x3 mm face to a silicon photodiode and on the
opposing face to a photomultiplier tube. The 3x30 mm
faces are coated with a “lossy” reflector so that the mag-
nitude of the signal observed in the photodiode and the
photomultiplier tube depends on the depth of the
511 keV photon interaction in the scintillator crystal. The
ratio of these two signals can then be used to determine
the depth of interaction on an event by event basis.

1. INTRODUCTION

The radial elongation artifact in PET (caused by
annihilation photons penetrating into adjacent crystals
in the tomograph ring before interacting and being
detected) has long been recognized as an obstacle to
high resolution PET. For 20 cm diameter objects this
artifact is barely noticeable in whole body PET cameras
(ring diameter ≥80 cm), it causes significant degradation
towards the edge of the field of view in cerebral cameras
(ring diameter 50–80 cm) and dominates the resolution
in small animal PET cameras (ring diameter <50 cm).

These elements can be combined as in Figure 2 to
form a PET detector module consisting of an 8 by 8 array
of optically isolated 3 mm square by 30 mm deep BGO
crystals, each coupled on one 3x3 mm face to a silicon
photodiode and on the other 3x3 mm face to a one inch
square photomultiplier tube. The photomultiplier tube
provides a timing pulse and initial energy discrimination,
the photodiodes identify the crystal of interaction, and
the combination measure the depth of interaction. The
photodiodes are read out with four 16-channel, low
noise charge sensitive amplifier integrated circuits [10]
(not shown in Figure 2) mounted on the back (non-
photosensitive) side of the photodiode array.

The method for reducing or eliminating this artifact
without reducing sensitivity is also well understood – the
detector module must both identify the crystal that the
511 keV photon interacts in and measure the distance
that it penetrates into the crystal before interacting (i.e.
the depth of interaction). Numerous strategies have been
proposed for constructing detector modules that mea-
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Figure 2:  Exploded view of the proposed PET module. Each
BGO crystal is attached to a photomultiplier tube, which
provides a timing pulse and initial energy discrimination, and
to a photodiode, which identifies the crystal of interaction.
The signals are combined to measure the depth of interaction.

This test module is illuminated with an electronically
collimated beam of annihilation photons from a 68Ge
source, as shown in Figure 3. The position of the beam is
varied by moving the entire collimation apparatus,
allowing a 2.5 mm fwhm portion of the test module to be
excited at an arbitrary depth of interaction. The depth
coordinate system is chosen such that 0 mm corresponds
to the end of the BGO crystal closest to the photodiode
and 30 mm is the end closest to the photomultiplier tube.

Whenever a coincidence between photomultiplier
tubes occurs, the signals in the test module photodiode
and photomultiplier tube are simultaneously digitized
and read into a computer. Figures 4a and 4b plot the
pulse height spectrum observed in the photodiode and
photomultiplier tube respectively at three excitation
depths. A clear 511 keV photopeak is observed at all
excitation depths in both the photomultiplier tube and
the photodiode. The position of the photopeaks is depth
dependent, with excitation at 2 mm depth (i.e. near the
photodiode) resulting in low photomultiplier and high
photodiode pulse heights and excitation at 28 mm depth
(i.e. near the photomultiplier tube) resulting in high
photomultiplier and low photodiode pulse heights.

3. SINGLE DETECTOR ELEMENT
MODULE PERFORMANCE

To test this detector concept, we constructed a mod-
ule consisting of a single 3x3x30 mm BGO crystal, with
one end coupled to a 3 mm square PIN photodiode and
the opposite end coupled to a 3/8 inch square photomul-
tiplier tube. The PIN photodiode is a Hamamatsu S-2506
(2.77 mm square active area, 100 µm depletion thickness)
mounted in a special package to allow close coupling to
the scintillator crystal. A “lossy” reflector is made by
sanding the BGO crystal before applying a white refelec-
tive coating. For this and all subsequent measurements,
the photodiode is biased with +30 V and the assembly
cooled to –20˚ C. Under these operating conditions, the
capacitance is 9 pF and the dark current is <1 pA.
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Figure 4: Pulse height plots as a function of excitation posi-
tion, showing the 511 keV photon peak for both (a) the
photodiode and (b) the photomultiplier tube.

The assembly is cooled in order to increase the light
output from BGO. Operation at –20˚ C increases the
light output by a factor of 1.7 compared to room temper-
ature (+25˚ C) operation, but the decay time increases
from its room temperature value of 300 ns to 675 ns [11].
An amplifier with a 4 µs shaping time processes the
photodiode signal, and a calibrated test pulse is used to
determine the noise, which is 330 electrons (e–) fwhm.
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Figure 3: Experimental set-up. The β+ source, 3x10x30 mm
BGO crystal, and photomultiplier tube provide an electroni-
cally collimated beam (2.5 mm fwhm) whose position is
adjusted by moving the entire assembly.
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Figure 5:  Position of the centroid of the 511 keV photon peak
as a function of excitation position, for both the photodiode
and the photomultiplier tube. Note that both are linear func-
tions of position, and have different measurement units.
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Figure 7:  Value of the position estimator PD / (PD+PMT) and
the sum signal PD+PMT versus depth of interaction.

b chosen so the position of the 511 keV photopeak at
2 mm (as observed by the photomultiplier tube) is equal
to the position of the photopeak at 28 mm (as observed
by the photodiode) and vice versa. This results in an
equal energy scale, allowing the energy deposit observed
by both photodetectors to be directly compared.

In a PET imaging situation, the depth of interaction is
not known when the photomultiplier tube triggers, so a
fixed discriminator voltage must be used in the trigger.
The conversion from voltage to energy deposit depends
on the depth of interaction, so the energy equivalent trig-
ger threshold is also position dependent. This situation is
mimicked in these tests by using a fixed discriminator
voltage of 75 mV, which corresponds to 250 keV energy
deposit when the test module is excited at 2 mm depth
and 85 keV when excited at 28 mm depth. After readout,
the amplitudes of the photodiode and photomultiplier
tube signals can be converted to energy as described
below and an energy threshold applied to the summed
signals. This is done for all data presented in this paper
(including Figure 4) with a 250 keV threshold.

The position of interaction is measured on an event
by event basis by computing a position estimator. This
estimator is defined as the fraction of the summed output
from two photodetectors that is observed by the
photodiode, or PD / (PD+PMT), where PD is the pulse
height observed by the photodiode and PMT is the re-
scaled pulse height observed by the photomultiplier
tube. A plot of this ratio is shown in Figure 6 with the test
module excited at interaction depths of 2 and 28 mm.

The collimated excitation beam is scanned along the
test module, and at each depth of interaction the centroid
and fwhm of the depth estimator PD / (PD+PMT) are
computed, as is the position of the 511 keV photopeak in
the sum signal PD+PMT. Figure 7 plots these measure-
ments as a function of depth of interaction, with the
fwhm of the depth estimator represented as error bars on
the estimator. While the sum signal PD+PMT is
essentially independent of the depth of interaction, the
centroid of the PD / (PD+PMT) estimator is linearly
dependent on depth, and the fwhm of this estimator
increases with increasing depth (since the noise in the
photodiode is constant but the signal decreases with
increasing depth). Dividing the fwhm of the depth
estimator by the slope yields the depth of interaction
measurement resolution, which varies from 5 mm fwhm
at a depth of 2 mm to 8 mm fwhm at a depth of 30 mm.

The centroid of the 511 keV photopeak in each detec-
tor is computed as a function of excitation depth and
plotted in Figure 5. The dependence of the photodiode
and photomultiplier tube centroids on position is
approximately linear but have different measurement
units. To compare the outputs of the two sensors, one of
them (the photomultiplier tube was chosen arbitrarily)
must be rescaled. A simple linear plus offset transforma-
tion (i.e. y = mx + b) is applied, with the constants m and
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Figure 6: Distribution of the position estimator PD /
(PD+PMT) with the test module excited at fixed depths of
interaction of 2 and 28 mm.

4. MONTE CARLO PREDICTION
OF MODULE PERFORMANCE

The performance of a single detector element must be
extrapolated using a Monte Carlo simulation to predict
the performance of a multi-element module or a com-
plete PET camera. Two important questions that can be
addressed through Monte Carlo simulation: 1) what frac-
tion of events will be mis-identified because of noise fluc-
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Figure 8:  Fraction of incorrectly identified events as a function
of the signal to noise ratio in the photodiode.

The predicted dependence of the reconstructed point
spread function (PSF) on the depth of interaction
measurement resolution has been previously reported
for a PET camera with 60 cm ring diameter and 3 mm
wide BGO crystals [13], and the results shown in
Figure 9. This figure shows that without depth of interac-
tion measurement, the radial component of the PSF of
2.4 mm fwhm obtained near the center of the tomograph
increases to 4.1 mm at a radius of 10 cm. With the depth
of interaction measurement resolution obtained by this
test module (between 5 and 8 mm), the radial compo-
nent of the PSF at 10 cm radius should be reduced to
3 mm or less. The effect of radial elongation on tomo-
graphs with the same crystal size but different ring diam-
eters can be estimated by scaling the x-axis of Figure 9 by
the ratio of the ring diameters. Therefore, the PSF at
10 cm radius in a 40 cm diameter ring will be similar to
the PSF at 15 cm radius in a 60 cm diameter ring.

tuations in the photodiode array and 2) how will 5–8 mm
depth of interaction measurement resolution affect the
reconstructed resolution of a PET camera?

The dependence on the fraction of mis-identified
events on the 511 keV signal to noise ratio in the photo-
diode in a 64 element detector has been reported previ-
ously [12] and the results are reproduced in Figure 8. For
small signal to noise ratios, the mis-identification fraction
approaches unity, while for high ratios it approaches
25%. This 25% asymptote is due to primary 511 keV
photons that Compton scatter in the detector module
and are subsequently absorbed in the same module, with
the secondary photon having greater energy than the
primary energy deposit.

5. POTENTIAL FOR IMPLEMENTATION

One possible implementation of a PET camera con-
structed from these detector modules is a high resolu-
tion, high sensitivity cerebral scanner. The detector ring
diameter would be as small as possible to reduce the
resolution degradation from annihilation photon
acollinearity, and the depth of interaction measurement
would virtually eliminate the degradation from radial
elongation. If the camera were constructed without
septa, it could be as small as 40 cm diameter and still have
space for an orbiting transmission source. While a multi-
ring, septaless design would be vulnerable to annihila-
tion photons scattered in the patient, it would ensure the
possibility of high sensitivity 3-D data collection,
although septaless 2-D acquisition could be used to
reduce the data set size. The small ring diameter would
also reduce the cost of the scanner significantly.

Since the signal to noise ratio in the proposed module
depends on the depth of interaction, the fraction of mis-
identified events is also depth dependent, but lies within
the unshaded regions of Figure 8. Interactions that occur
near the photodiode end of the module (which most do,
due to the 1.2 cm exponential attenuation length of
BGO) have a fraction of mis-identified events that is
close to its asymptotic value of 25%, while the fraction
rises to 35% for interactions at the photomultiplier tube
end. In short, the noise in the photodiode signal will have
minimal effect on the mis-identification fraction.

Several concerns must be addressed before a PET
camera is constructed from these detector modules. One
concern is the feasibility of operating the tomograph
gantry at –20˚ C. While a cooling system and thermal
insulation are easily incorporated, servicing the camera
and preventing condensation would be difficult. This
problem could be overcome by using a scintillator with
higher light output at room temperature, such as LSO
[14], but LSO is currently costly and not available in the
quantities necessary for a tomograph.
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Figure 9:  Radial component of the reconstructed point spread
function for depth of interaction measurement resolutions of
0, 5, and 10 mm fwhm, and without depth of interaction
measurement. The PET camera simulated had a 60 cm ring
diameter and 3 mm BGO crystals.

Another concern is that the dependence of the pho-
todiode / photomultiplier tube light ratio versus depth of
interaction must be known for each crystal in the tomo-
graph. Even a small tomograph would have thousands of
individual crystals, and so these crystals (and their lossy
coating) must be manufactured with nearly identical
optical properties. The remaining non-uniformities must
be removed by calibration, which is difficult because one
cannot calibrate by forcing annihilation photons to
interact at a specific depth of interaction. However, this
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calibration could be performed using a line source at the
center of the ring and adjusting the calibration parame-
ters to achieve the 1.2 cm attenuation length of BGO.
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A final concern is the cost of the system. Individual
3x3 mm silicon photodiodes are relatively inexpensive
(less than $1 each), but an 8x8 array of these photodiodes
would probably cost over $100 due to the lower yield.
The parts cost for a conventional PET detector module is
approximately $600 per square inch ($400 for BGO and
$200 for photomultiplier tubes), so adding the photodi-
ode array would increase the cost of each detector mod-
ule by about 20%. However, the smaller ring diameter
uses 50% fewer detector modules than a conventional
whole body camera, and so the net parts cost of the PET
camera described above would be reduced.
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